In neonatal pulmonary hypertension, the pulmonary arteries fail to adapt to extrauterine life and remain thick walled. In a previous study on normal neonatal resistance arteries, perfusion myography and confocal microscopy showed that responses to agonist stimulation were related to wall structure. We hypothesized that in hypertensive resistance pulmonary arteries, an enhanced response to contractile and relaxant agonist stimulation would be associated with an increased wall thickness and abnormal postnatal cytoskeletal remodeling of smooth muscle cells (SMC). Pulmonary arteries (110 -140 m external diameter) from normal piglets and those exposed to chronic hypobaric hypoxia from birth or from 3 d of age were mounted on a perfusion myograph. Lumen diameter and SMC nuclear positions were tracked after addition of KCl, the thromboxane mimetic U46619, and bradykinin. After fixation in situ, SMC dimensions were measured using confocal and electron microscopy. In all hypertensive animals, wall thickness and SMC density were increased and SMC length/width ratio decreased.
Rapid structural and functional changes occur in the pulmonary arteries as pulmonary vascular resistance decreases after birth (1) . Thick-walled fetal arteries remodel to thin-walled structures within days of birth (2) . Using perfusion myography in conjunction with confocal microscopy we found that postnatal elongation of SMC within resistance arteries was associated with a decrease in the speed and extent of vessel constriction in response to agonist stimulation (3) .
Structural studies on the pulmonary vessels of babies with PPHN and in piglets with experimental PPHN (4 -6) show an increase in pulmonary artery medial thickness and the maturation of SMC in normally nonmuscular precapillary vessels (6) . Whereas babies with PPHN appear to have an excessively reactive pulmonary arterial circulation, pharmacological studies on conduit arteries from pulmonary hypertensive piglets showed that there was no increase in the contractile response to potassium chloride (KCl), PGF2␣, or U46619, although the relaxation response to acetylcholine was impaired (7, 8) . We believed that the resistance pulmonary arteries would show an enhanced response to contractile stimulation, and that the response would be related to the structural abnormalities.
In the present study, we hypothesized that the SMC in the thickened wall of resistance arteries from pulmonary hypertensive piglets would show an increase in myofilaments and abnormal cytoskeletal organization in association with an enhanced response to agonist stimulation. We studied pulmonary resistance arteries from neonatal piglets that had been exposed to hypobaric hypoxia, using a perfusion myograph to assess reactivity and confocal and transmission electron microscopy to describe SMC cell density, shape, size and cytoskeletal organization in the same arteries. We studied piglets exposed from 20 min of age for 3 d and compared these animals with those exposed for 3 d after a 3 d period of normal adaptation in room air. To study the effect of a longer period of exposure
MATERIALS AND METHODS

Origin of tissue.
Tissue was obtained from normal Large White piglets, which were killed at birth (Ͻ5 min) and 3, 6, and 14 d of age (n Ն 9 per age group). To induce pulmonary hypertension, piglets were exposed to chronic hypobaric hypoxia (50.8 KPa) (8) either from birth (Ͻ20 min) to 3 d of age (3d hypoxia), or starting at 3 d of age for 3 (6d hypoxia) or 11 d (14d hypoxia), n Ն 8 in each age group. Previous studies have shown that piglets treated in this manner develop pulmonary hypertension, evidenced by right ventricular hypertrophy and an increase in pulmonary arterial smooth muscle (6, 8 Functional studies. Perfusion myograph studies were carried out as previously described (3) . Briefly peripheral pulmonary arteries immediately proximal to the alveolar region (approx. 1.5 mm in length) were dissected free of the surrounding parenchyma and mounted on a perfusion myograph (LSI, Burlington, VT) (9) . Vessels were orientated to the in vivo direction of flow and bathed in PSS at 37°C bubbled with 95% O 2 , 5% CO 2 . Nuclei were fluorescently labeled with Hoechst 33258 in situ on the myograph. To monitor changes in lumen diameter vessels were imaged continuously using a CCD camera (Alrad Instruments Ltd., Newbury, UK) and measurements were recorded on a Powerlab (ADInstruments Ltd., Hastings, UK). Changes in position of fluorescently labeled SMC nuclei were recorded using a separate camera after addition of each agonist (3). Images were stored using Openlab 3 (Improvision, Coventry, UK). Vessels (two per animal) were equilibrated for 45 min in PSS at a constant flow of 30 L/min and then brought to a maintained pressure of either 20 or 45 mm Hg to approximate to a normal or hypertensive pulmonary artery pressure. Extraluminal KCl (125 mM) was applied and the vessel allowed to contract fully as determined by no further change in lumen diameter. After a washout with PSS, when the vessel returns to baseline, extraluminal U46619 (2 M) was added. The concentration of U46619 was based on previously published dose response studies on pulmonary arteries from normal and hypertensive piglets (3, 7) . A bolus of 50 L of intraluminal bradykinin (1 M) was then applied, and the vessel allowed to fully relax. In a previous dose response study, this dose of bradykinin induced maximal relaxation in porcine resistance arteries from fetal to adult life, the ED 50 being similar in all preparations (10) . The time taken to achieve maximal contraction or relaxation for each agonist was noted.
To relate change in lumen diameter to the response of individual SMC, the position of the fluorescently labeled SMC nuclei was tracked by recording X-Y coordinates for the centre of each nucleus before and after each agonist stimulation, as previously described (3) .
Structural studies. At the end of the functional study, vessels were fixed while still pressurized in the myograph, either at the point of maximal relaxation to bradykinin or at maximal contraction (3). Nonstimulated vessels from each age group were also fixed at 20 or 45 mm Hg pressure for study of baseline appearance. Half of each vessel was embedded for cryosectioning and confocal microscopy, and half was postfixed in 1% glutaraldehyde and prepared for transmission electron microscopy.
Confocal microscopy. Twenty-micrometer-thick frozen sections of arteries were cut in transverse section, perpendicular to the vessels' longitudinal axis. After permeabilization and blocking for nonspecific proteins, they were incubated with anti-␣-SM actin (Sigma Chemical Co., Poole, UK) or phalloidin conjugated to Alexa 568 (Sigma Chemical Co.) to label F-actin. Staining was visualized with rabbit anti-mouse IgG TRITC conjugate. Cell nuclei were labelled using YOYO-1 or TO-PRO-3 (Molecular Probes, Eugene, OR) for the ␣-SM actin-and phalloidin-labeled sections, respectively. Washed sections were mounted in Vectamount (Vector Laboratories, Peterborough, UK) for confocal microscopy (MRC-600 or Radiance 2000, Bio-Rad, UK). Z-stacks of 20 confocal images were acquired over a thickness of 20 m and from these a three-dimensional image of each artery was created using Confocal Assistant 4.02. From these images, a longitudinal section of each SMC showing the maximal cross-sectional area was obtained from which the area, length, and width of the cell was measured using Openlab 3 image analysis software. A mean area and a mean length/width ratio were calculated for each group of normal and pulmonary hypertensive animals, in both the relaxed and contracted state.
Transmission electron microscopy. Transverse 1-m sections were cut perpendicular to the vessels' longitudinal axis and labeled with toluidine blue (n Ͼ 5 for each group of animals). In each section, the medial wall thickness was measured, the number of SMC nuclei in the media counted, and the cell density per unit area of media calculated. Ultrathin sections of all these vessels were examined using a Jeol 100CX electron microscope. From each artery a low-power image (magnification ϫ33,000) of the full thickness of the wall was taken at two points on opposite sides of the vessel. A total of at least 20 images per group of animals were measured by planimetry and areas of SMC, elastin, collagen, and the remaining intercellular space within the media was quantified (Openlab 3). From these, the proportion of each component was calculated.
Statistical analysis. Change in lumen diameter, internuclear distance, response time, wall thickness, SMC area, density and length/width ratio, and volume proportions of wall components were analyzed using one-way ANOVA followed by a post hoc Tukey's test (Minitab). p Ͻ 0.05 was considered statistically significant. Comparisons were first made between results obtained for each group of animals at maintained perfusion pressures of 20 and 45 mm Hg. No difference was observed in any of the studies so the values at the two pressures were pooled. Comparisons were made between data from the hypertensive animals and their age matched controls at the age at which the hypertensive animals were put into and taken out of the hypobaric chamber.
RESULTS
Confirmation of pulmonary hypertension.
After death, the hearts were dissected and weighed and the ratio of the weight of the left ventricle plus septum to the right ventricle was calculated. For all three groups exposed to hypobaric hypoxia there was a significant decrease in ratio indicating right ventricular hypertrophy in all hypoxic animals compared with age matched controls (3d hypoxia, 1.53 Ϯ 0.06 versus 1.91 Ϯ 0.1; 6d hypoxia, 1.73 Ϯ 0.07 versus 2.37 Ϯ 0.07; 14d hypoxia, 1.72 Ϯ 0.14 versus 3.01 Ϯ 0.14; p Ͻ 0.05 for each comparison). Thus, all hypoxic animals were pulmonary hypertensive.
Functional studies performed on the perfusion myograph. After dissection, arteries from all groups of animals had an unpressurized external diameter of between 110 and 140 m. Each vessel had two to three SMC layers in the media.
Changes in lumen diameter in response to agonist stimulation. In normal arteries, U46619 and KCl caused a reduction in lumen diameter, the vessels were vasoconstricted. The response was greatest at birth, decreased by 3 d of age and remained low at 6 and 14 d (Fig. 1 a) . Both KCl and U46619 induced vasoconstriction was greater in arteries from 3d hypoxia animals compared with the normal at 3 d (p Ͻ 0.05 for both, Fig. 1a ) In animals exposed from 3 d of age, 6d hypoxia arteries did not show an increase in vasoconstriction compared with age-matched controls but 14d hypoxia arteries did (p Ͻ 0.05 for U46619, Fig. 1a ). Pulmonary arteries from 3d hypoxia and 14d hypoxia animals contracted more rapidly than those from age matched controls (46 Ϯ 5 versus 106 Ϯ 13 s for U46619 at 3 d and 58 Ϯ 7 versus 156 Ϯ 15 s at 14 d; p Ͻ 0.05 for both comparisons).
On addition of bradykinin to fully contracted normal and hypertensive arteries, all relaxed back almost to the baseline lumen diameter (Fig. 1a) . In arteries from normal animals, the time taken to relax was similar at all ages and similar to the time taken to contract to U46619. The relaxation was faster than normal in 3d hypoxia (52 Ϯ 4 versus 102 Ϯ 13 s; p Ͻ 0.05) but normal in 6d hypoxia and 14d hypoxia arteries.
HYPOXIC PULMONARY RESISTANCE ARTERIES
Change in spatial relationship of SMC nuclei. In all arteries, the distance between two adjacent nuclei decreased on contraction to KCl and U46619 and increased on relaxation to bradykinin. In normal arteries, U46619 induced a significantly greater reduction in internuclear distance in the newborn arteries than in arteries from 3 d and 14 d old animals (p Ͻ 0.05, Fig. 1b) . For KCl, the pattern of response was similar but less marked. In arteries from 3d hypoxia animals, the reduction in internuclear distance was greater than in age-matched controls in response to both KCl and U46619 (p Ͻ 0.05 for both comparisons, Fig. 1b) . In animals exposed from 3 d of age, 6d hypoxia arteries showed a similar reduction in nuclear spacing to age-matched controls. This reduction was greater than normal in 14d hypoxia arteries (p Ͻ 0.05 for U46619, Fig. 1b) . On exposure to bradykinin, the nuclei of all contracted arteries moved apart to regain their basal position (Fig. 1b) .
In both normal and hypertensive arteries, changes in internuclear distance reflected the changes in total lumen diameter.
Structure of the vessel wall. Within each normal and hypertensive group of animals there was no significant difference in arterial wall thickness or SMC density measured on toluidine blue-stained sections from contracted, relaxed, and unstimulated arteries. Thus, the values were pooled for each group. In normal animals, the wall thickness and SMC density decreased with age. The mean wall thickness was greater in the pulmonary arteries from all hypertensive animals than in agematched controls (p Ͻ 0.05 for each comparison, Table 1 ), and was similar to the normal newborn value. The density of SMC within the wall was greater in all the hypertensive vessels than in age-matched controls (p Ͻ 0.05 for each comparison, Table  1 ) and in 14d hypoxia animals was higher than in the normal newborn (p Ͻ 0.05).
Measurements of smooth muscle cell dimensions from confocal images were similar in ␣-SM actin-and phalloidinstained sections. For both the contracted and relaxed state, the maximal cross-sectional area of normal, individual SMC increased after birth, reaching significance at 14 d in the former and at 6 d in the latter ( Table 1 ). The maximal cross-sectional area of SMC from hypertensive arteries was significantly less than that from age matched controls at all ages (Table 1) . Both contracted and relaxed cells in all hypertensive arteries had a significantly smaller length/width ratio suggesting a less elon- gated, more rounded shape than in age matched controls ( Table  1) . The length/width ratio of smooth muscle cells in arteries of both normal and hypertensive animals was smaller after contraction to U46619 than after relaxation to bradykinin (Table  1) . Smooth muscle cell structure. By confocal microscopy, bundles of actin fibers labeled with phalloidin (F-actin) and ␣-SM actin were visible in the cytoplasm of all medial smooth muscle cells in the arteries from all normal animals. Smooth muscle cells from normal 3-, 6-, and 14-d-old animals had long actin bundles oriented parallel to the cells' longitudinal axis, but in newborn and in hypoxic animals, these appeared shorter and had variable orientation (Fig. 2 a) . In three-dimensional reconstructions, it could be seen that the actin fibers formed a meshwork throughout each cell. This appearance was confirmed by transmission electron microscopy where myofilament bundles appeared thicker and less well orientated to the longitudinal axis and occupied a greater proportion of the SMC cytoplasm than normal (Fig. 3) . ␣-SM actin labeled fiber bundles in all SMC from all animals except the 14d hypoxia animals. In these, ␣-SM actin labeling was only detectable as a weak diffuse stain throughout the cell cytoplasm (Fig. 2b) Area measurements of arterial wall composition made on transmission electron micrographs (SMC, elastin, collagen, and intercellular space) revealed a significant increase in the percentage area of media occupied by SMC in the 3d hypoxia and 14d hypoxia animals compared with age-matched controls (64.6 Ϯ 2.5 and 57.9 Ϯ 3.4 versus 44.5 Ϯ 2.6 and 41.5 Ϯ 3.4, respectively, p Ͻ 0.05 for both comparisons). This change was associated with a decrease in percentage area occupied by intercellular space (18.6 Ϯ 1.9 and 21.1 Ϯ 2.3 versus 28.2 Ϯ 1.8 and 36.5 Ϯ 2.1, respectively, p Ͻ 0.05 for both). The percentage area of muscle in the 6d hypoxia animals was the same as in the normal animals. The proportion of collagen and elastin within the wall was similar in the normal and hypertensive arteries.
DISCUSSION
This is the first study of pulmonary hypertensive resistance arteries in which the response of individual SMC within the artery wall has been tracked after stimulation with contractile and relaxant agonists and then related to the changes in lumen diameter and wall structure. In normal immature arteries, we previously found that age-related changes in response to agonists could be attributed to the maturation of the vessel wall. Namely, a decrease in medial thickness at 14 d of age due to elongation of SMC with redistribution of actin fibres within SMC was associated with a smaller contractile response than occurred at birth (3). In the pulmonary hypertensive arteries, we expected that an increase in medial thickness and SMC hypertrophy with an increase in contractile myofilaments would be associated with enhanced contractile responsiveness. 
HYPOXIC PULMONARY RESISTANCE ARTERIES
However, we did not find a consistent association between responsiveness and structure in the hypertensive arteries.
The techniques used in the present study were identical to those used previously to study normal arteries (3), and we used an intraluminal flow rate of 30 L/min and two pressures, 20 and 45 mm Hg. The measurement 20 mm Hg is close to the normal seen after birth when the pressure falls from 25 to 16 mm Hg by 14 d (1) and 45 mm Hg is a similar pressure to that recorded in hypoxic conditions in young piglets (11) . However, the pressures used had little effect on the size or responsiveness of the arteries, whether normal or hypertensive. This contrasts with studies on mesenteric arteries (12, 13) where increased pressure was accompanied by an increase in lumen diameter. Pulmonary arteries may normally be responsive at lower pressures than systemic arteries and have already reached maximum tone at 20 mm Hg. Previous studies on adult pulmonary arteries showed that intrinsic contraction was present at 20 mm Hg (14) .
A novel aspect of our experimental approach was to relate the changes in lumen diameter to changes in the spatial relationship of the SMC within the wall on agonist stimulation, and to relate these changes to SMC structure. Exposure to chronic hypobaric hypoxia for 3 d starting at birth enhanced the contractile response to both a receptor-dependent (U46619) and a receptor-independent (KCl) agonist. The reduction in lumen diameter was greater than in normal arteries and this change was associated with a greater reduction in internuclear distance. The thickness of the vessel wall and the functional response remained similar to the normal at birth, suggesting failure to adapt to extrauterine life in a hypoxic environment (Fig. 4) . However, the SMC within the wall were smaller, more rounded, and more closely packed than at birth. This suggests an active response to hypoxic conditions, not simply a failure to adapt. By contrast, when animals were exposed for 3 d after an initial 3 d period of adaptation in normoxia, the contractile response of the hypertensive pulmonary arteries was normal for age despite the arteries being abnormally thick walled and resembling those of animals exposed from birth (Fig. 4) . Other investigators studying muscular pulmonary arteries from piglets exposed to 11% oxygen from 2 to 3 d of age for 3-4 d also found no increase in responsiveness to U46619 (15) . In the present study, however, when animals were exposed to hypoxia for a longer period of time, contraction was greater and more rapid. The response resembled that seen in animals exposed from birth but the SMC density was greater and the SMC had a distinctive phenotype. They showed abnormal cytoskeletal organization with loss of filamentous ␣-SM actin and a further reduced length/width ratio and thus were different from the phenotype seen after 3 d hypoxia (Fig. 4) . Greater changes in contractile reactivity followed a longer period of hypoxic exposure. However, the relaxant response to bradykinin was maintained. Other investigators found that a 10-d period of hypoxic in piglets led to impaired nitric oxide function despite preserved levels of endothelial nitric oxide synthase (16) .
During hypoxic exposure, the magnitude of the contractile response did not appear to be directly related to the intracellular organization of the actin cytoskeleton. After 3 d of hypoxia, whether from birth or 3 d of age, the density of myofilaments was abnormally increased as previously reported5 but contractility only increased following exposure from birth (Fig. 4) . After exposure for 11 d, a rapid and strong response to acute contractile stimuli developed but the increase in response was associated with loss of filamentous ␣-SM actin indicating that cytoskeletal remodeling had continued in the hypoxic environment. This could have been due to sustained constriction over an 11 d period. In cultured SMC (A7r5) subjected to sustained contractile stimulus, disassembly of ␣-actin filaments was found while ␤-actin was still present in dense cables (17) . Phenotypic changes in response to hypoxia have been described previously in porcine, bovine, and rat conduit pulmonary arteries (18 -20) . In SMC isolated from conduit arteries of neonatal piglets exposed to 11 d hypoxia, a stable change in SMC phenotype, manifested by a change in cell shape and regulation of the actin cytoskeleton, accompanied altered functional responses (21) . Conduit vessels are composed of heterogenous SMC populations, but we found little structural variation between cells in the walls of resistance arteries, confirming previous studies (2) showing that the pulmonary resistance arteries of calves also have a homogeneous SMC population (22) . In the present study, the arterial walls of all hypertensive animals showed an increase in SMC density. In the younger animals this was probably due primarily to hypertrophy inasmuch as we did not find an increase in cell replication in earlier studies (23) . However, replication may have contributed to the marked increase in SMC density seen in the 14d hypoxic animals. In calves, an increase in multiplication was found after 4 and 7 d exposure to hypoxia from 2 d of age (19) . Other potentially important alterations in SMC phenotype include hypoxia-induced changes in receptor density and function, in intracellular coupling mechanisms, and in the number of tension generating actin and myosin interactions, all of which could profoundly influence the response to agonist stimulation. 
